High-energy batteries need significant cathodes which can simultaneously provide large specific capacities and high discharge plateaus. NASICON-structured Na 3 V 2 (PO 4 ) 3 (NVP) has been utilised as a promising cathode to meet this requirement and be used in the construction of high energy batteries. For a hybrid-ion battery by employing metallic lithium as an anode, NVP exhibits an initial specific capacity of 170 mA h g À1 in the voltage range of 1.6-4.8 V with a long discharge plateau around 3.7 V. Three Na (2) sites for NVP are found capable to be utilised through the application of a wide voltage window but only two of them are able to undergo ions exchange to produce a NaLi 2 V 2 (PO 4 ) 3 phase. However, a hybrid-ion migration mechanism is suggested to exist to describe the whole ion transport in which the effects of a Na-ion ''barrier'' results in a lowered ion diffusion rate and observed specific capacity.
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Introduction
Lithium-ion battery (LIB) technology is critically needed for many applications in a plethora of industries and is an important energystorage solution which can be potentially applied, for instance into electric vehicles (EVs). 1, 2 However, LIB has continued to be primarily relegated by the electronics market mainly due to its cost and material issues 3 and the lack of high-performance cathode materials have become a technological bottleneck for the commercial development of advanced LIB. 4 Particularly for the entrance of LIB into high energy fields, such as EVs and renewable energy storage in smart grids, the demand for highcapacity and voltage cathodes is starting to become a key focus of research. In the search for new positive-electrode materials for LIB, recent research has focused upon nano-structured lithium transitional-metal phosphates that exhibit desirable properties such as high energy storage capacities combined with electrochemical stability. 5, 6 Olivine LiFePO 4 , 7 as one member of this class, has risen to prominence so far due to other characteristics involving low cost, low environmental impact and safety, which are critical for large-capacity systems to be implemented. Nonetheless, olivine also has some shortcomings including the one-dimensional lithium-ion transport and two-phase redox reaction that together limit the mobility of the phase boundary as well as the emerging safe hazard. 6 Meanwhile, the availability of readily-accessible lithium is a key concern and as supplies reduce, costs will rise which will be passed on to the end consumers such that Li-ion batteries will become too costly. 8 Recently, tremendous attention has been focused on sodiumion batteries (SIB) with NASICON (a Na superior conductor)-structured compounds been brought to the forefront of scientific investigation. These NASICON-type compounds are lithium ion free, and as such overcome the inherent disadvantages as described above. The NASICON-type compounds based materials feature a highly covalent three-dimensional framework that generates large interstitial spaces through which sodium ions may diffuse, 9, 10 with compounds such as Na 3 with good C-rate and cycling performances.
Experimental
A developed CTR synthetic methodology, named S-CTR was employed for the preparation of the NVP which involves the following steps. 1.41 g Na 2 CO 3 , 2.5 g NH 4 H 2 PO 4 and 1.32V 2 O 5 were used in stoichiometric proportions to form a mixed solution by stirring in 50 mL distilled water. This mixture was then dried at 50 1C via forced-air drying with the obtained solid ground by adding 0.34 g of an acetylene black powder. All the reagents used were of the highest analytical purity available and were used without any further purification. The precursor was preheated at 350 1C in flow argon for 4 h, reground and re-fired at 650, 700 and 750 1C in argon atmosphere for 8 h, respectively. NVP was prepared by a CTR methodology as in accordance with the literature 21 to provide a critical comparison.
In order to obtain the crystal structure of the compound, X-ray powder diffraction (XRD) analyses were performed by using a Bruker D8 diffractometer with monochromatic Cu Ka radiation (l = 1.5406 Å), and the diffraction data was recorded in the 2y range of 10-601 with a scan rate of 81 per min. The infrared (IR) spectra was obtained using an FT-IR Spectrometer (Jasco, FT/IR-4100, Japan) under transmission mode based on the KBr pellet method in the range of 500-2000 cm À1 .
The particle morphology of the composite was investigated by a FEI Quanta 200 scanning electron microscopy (SEM).
The thermogravimetric analysis (TG) of the samples was carried on a Diamond TG thermo-analyzer. The cathode electrode was composed of active NVP material, acetylene black, and binder (Polyvinylidene Fluoride, PVDF) in a weight ratio of 8 : 1 : 1 by using NMP as solvent and an aluminum foil as current collector (B4.5 mg cm À2 ), followed by drying in vacuum at 110 1C for 24 h. To evaluate the electrochemical properties, a R2016 coin cell was assembled in an argon-filled glove box using metallic lithium as anode, Celgard 2500 membrane as separator. The electrolyte was 1 M LiPF 6 dissolved in a mixture of ethylene carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC) (v/v/v, 1/1/1).
Cyclic voltammetry (CV) and galvanostatic charge-discharge cycling tests were carried out in a setting voltage range by using an electrochemical workstation (CHI660C) and CT2001A LAND battery tester, respectively. Electrochemical impedance spectroscopy (EIS) was studied using a Modulab (Solartron Analytical) with the amplitude of 5 mV in the frequency range from 1 MHz to 10 mHz. All electrochemical tests were carried out at room temperature.
Results and discussion
The power XRD patterns of NVP prepared by S-CTR and CTR at 650 and 700 1C are shown in Fig. 1a , respectively. For comparison, all of the diffraction peaks are indexed to the R% 3c space group (Rhombohedral unit with 2 Na in 18e position and 1 Na in 6b position) and are in good agreement with the results of the NASICON framework. 3, 9, 12 Clearly, no redundant peaks at 17 and 30.21 have appeared for the sample prepared by S-CTR when compared with the XRD patterns from CTR sample. This could indicate the formation of a pure NVP mainly on account of the solution-based admixture by improving particle contact when stirred, as undertaken as part of the synthetic methodology (see Experimental). Fig. 1b shows the FT-IR analysis of S-CTR NVP which is in good agreement with Jang's work, 20 The morphology and surface structure of the S-CTR NVP was characterized by SEM with the images depicted in Fig. 2 . It is clearly that nano-particles are adhered to the surface of the bulk material where the irregularly shaped particles are distributed over the size range of 1-5 mm, likely as a result from the molecular mixing and mechanically chemical activation processes applied before sintering. Additionally, the malformed surface structures, as shown in the inset of Fig. 2 , along with the secondary particles formed by particle agglomeration have resulted in NVP exhibiting many pores which can be useful for the facilitation of electrolyte ions transport. 15 Furthermore, the growth of NVP particles is considered to be hindered by the amount of available source of carbon from CTR methodology as evidence by measuring the residual carbon with a content of 5% in the NVP-C composite calculated to be B5% from TG curves as shown in Fig. 3 and will contribute to improve the electron transport between particles, which further enhance the power density. Graphene has been used as conducting support for olivine-based LiFePO 4 batteries with negligible fading even after several hundreds of cycles, 23 and would also be appropriate for use in NVP battery due to its favorably structural impacts on electrochemical performances. 24 Additionally graphene-based nanomaterials for energy storage have been reviewed 25 displaying the progresses of battery properties by utilizing graphene. Hybrid-ion batteries have been described by Barker et al. 26 who investigated the mixed Na/Li insertion/extraction mechanism, and an analogical work based on the NVP/Li hybrid-ion battery has been explored recently. 21 Fig . 4 shows the anterior eight CV cycles at a scan rate of 0.5 mV s À1 in a voltage range from 2 to 4.8 V vs. Li + /Li. The anodic reaction could be attributed to Na extraction in the first cycle with an anodic peak present while the sequential cathodic processes with only one voltammetric peak indicates a Na/Li hybrid-ion insertion as a result of the irreversibility of Na ion and the vast excess of Li in this hybrid-ion system. One couple of redox peaks would be presented provided that the inserted ions are all Na as depicted in a sodium-ion battery. 27 As described previously, 17,21 the redox couple in this voltage range is assigned to the V 3+ /V 4+ reaction which is accompanied by migration of two mixed alkali ions. Interestingly, the voltammetric cycles have presented only one redox couple indicating that mixed ion behavior has become predominantly Li-ion transport in the cycling, with the exhibited excellent symmetry of the 4th and 8th CV curves also demonstrating good reversibility of the material. 17 Combined with our previous analysis, the utilized NVP electrode could produce an easy and adequate ion-exchange with Li-based electrolytes undergoing potential cycling or standing process for the formation of Li 2 NaV 2 (PO 4 ) 3 21 while the exchanged Na ion prefers to be at Na(2) sites.
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The hybrid-ion battery after proceeding 10 CV cycles at 0.5 mV s À1 in a voltage range of 2.5-4.8 V vs. Li + /Li, continued to be tested at 0.1, 0.2, 0.8 and 1 mV s À1 , respectively, and the results are displayed in the inset of Fig. 5 . The phase of Li 2 NaV 2 (PO 4 ) 3 could be responsible for the only one obvious redox couple during CV tests without any visible effects from the insertion/desertion behaviors of Na + ions. The good linear relationships between the square root of the scan rate v 1/2 and peak current i p depicted in Fig. 5 illustrates a diffusion-controlled process for the electrochemical reaction and a typical equilibrium behavior of an intercalated type electrode. Thus, it is worthwhile to explore the chemical diffusion coefficient for further understanding of NVP electrode. Randles-Sevcik equation (eqn (1)) could be employed to determine the diffusion constant D which describes the relationship between the peak current i p and the square root of the scan rate v 1/2 :
where m is the mass of active cathode material, F the Faraday constant, R the gas constant, T the absolute temperature, n the number of electrons in reaction (n = 2), A the effective contact area between electrode and electrolyte (0.79 cm 2 ) and C is the concentration of alkali ion in the cathode calculated from the crystallographic cell parameter of NVP. suggesting that the existed Na ions might not smoothly complete the insertion reaction but produce an impeding effects on Li ion transport when hybrid Na/Li ions participate in the electrochemical reactions.
As shown in Fig. 6a the hybrid-ion batteries using S-CTR NVP prepared at 650, 700 and 750 1C display an initial discharge capacity of 122, 117 and 96 mA h g À1 , respectively, at Fig. 8a . Meanwhile, a discharge capacity of 124 mA h g À1 for the 140th galvanostatic cycles was also displayed. Interestingly, Fig. 8b has depicted acceptable cycling performances for this hybrid-ion battery with a discharge capacity of 140 mA h g À1 after 50 cycles at 0.1 C when the utilized voltage rises to 4.8 V vs. Li/Li + . As far as we know, there are still few reports corresponding to the electrochemical data toward to NVP, and these compared values reported in related literatures have been listed in Table 1 .
Next, EIS was further used to investigate the electrochemical kinetics of NVP electrode when it is cycled after 1, 20 and 50 cycles and charged to a same voltage of 3.7 V. The Nyquist plots and corresponding fitted equivalent circuit model are presented in Fig. 9(a and b) . All the impedance parameters with relative errors estimate (%) of the fitting equivalent circuit are listed in Table 2 by using ZSimWin software with each chi-squared function (w 2 ) less than 10
À4
, by which the value of chi-squared function between 10 À5 and 10 À4 could provide a reasonably good indication of the quality of the fit. 28 R 1 represents the internal resistance involving the resistance of the electrolyte and electrode which is denoted as the small intercept at the Z re axis. R 2 corresponds to the resistance of SEI film as depicted in the high frequency region of the semi-circle, while C 1 signifies the resultant capacitance from SEI film. R 3 is the charge transfer resistance in the intermediate-frequency region and CPE1 is related to the surface property of the electrode. R 4 denotes the Warburg resistance originated from the diffusion of Na + ions in the electrode bulk as depicted in the low frequency region of the sloping line. C 2 demonstrate the double layer capacitance caused by ion transfer in the electrode material. As can be observed from inspection of Fig. 9a , the internal resistance and charge transfer resistance of the 50th cycle are obviously increasing compared with that of the 1st and 20th cycle, which could be attributed to the cycling influence. In addition, the nearly 451 sloping line of Nyquist plots at low frequency corresponding to the solid-state diffusion of ions in the active materials, further confirmed the electrochemistry process of NVP as a diffusion-controlled rather than surface-controlled reaction.
As shown in Scheme 1, two kinds of crystalline Na sites namely Na(1) and Na(2) sites are displayed, of which one Na(1) site retains to be occupied by Na ion while two Na(2) sites are occupied by Li ions resulting from the ion-exchange occurring in cycling or standing exchange. This description could be thought appropriately due to the ion-transport mechanism suggested by Goodenough et al. 10 and our previous works. 21 According to this conclusion, NaLi 2 V 2 (PO 4 ) 3 could be reasonably formed from NVP by ion exchange with Li ions, while the left Na ion could be considered stationary at Na(1) site. The exchanged Li ions are able to occupy the two Na(2) sites which held Na ions before, or re-exchange only between these two sites.
The ion-exchange mechanism for NaLi 2 V 2 (PO 4 ) 3 is firstly demonstrated in eqn (2) and (3), where the number in parentheses denotes the alkali ions in Na(1) or Na(2) sites, the value in the bottom right corner signifies series number of the ions and g represents a vacancy in Na (2) 
However, the vacancy at Na(2) site has been thought capable to be shoehorned with one alkali ion by electrochemical means, such as an enlarged voltage window. 21 / V 3+ redox reactions should be responsible for this result. The first transition is divided into two ion-insertion steps corresponding two discharge plateaus, of which the insertion of two ions is completed until 1.9 V vs. Li/Li + and the Table 2 Impedance parameters of the fitting equivalent circuit from the cell undergoing cycles as denoted in the low right corner Scheme 1 Representation of NASICON-structure NVP exhibiting the ionexchange for Na with Li ions and the Li-insertion process. , where C is the theoretical capacity of the active material, n is the number of electrons in reaction and M is the relative molecular mass) to calculate the discharge capacity when 2.9 Li ions are transported, a theoretical value of 181 mA h g À1 could be obtained which is larger than the experimental figures. One reason, which has been pointed out is that the back ions are mixed with less heavier Na + ions while here, the impeding influences from Na ions towards Li ions ''barrier'' in a synchronous insertion which could be indicated specifically to indicate the lower D as analyzed above. Another probable factor might be the restraint of Na ions to lower the inserted number of Li ions attributed to the barrier between them. Actually, the discharge capacity of 170 mA h g À1 corresponds to an insertion with only 2.7 Li ions, where this overcoming towards to the produced barrier should contribute to the redundant inserted 0.2 ions. It is known that in order to overcome this, significant energy is required which could be attributed to the effects of the insertion of 0.2 ions according to Faraday's Law. Moreover, the inserted ions (excess two) should take up three Na(2) sites while the vacancy seems prior to be occupied with Li ion due to the smaller and lighter characters to produce Li 3 + (2). The ion of Li 3 + (2) is suggested to be difficult to exchange with other ions because this behavior would require significant energy as described by eqn (4), otherwise the vacancy would be occupied with lithium ions to present unstable NaLi 3 V 2 (PO 4 ) 3 which is not consistent with ICP results. 17, 21 However, this vacancy has been utilized by ion insertion and a promising cathode material is realized exhibiting 170 mA h g À1 at a discharge voltage plateau around 3.7 V; as such this material would be suitable for the construction of a high-energy battery.
Conclusion
A NVP cathode was synthesized with an improved CTR method and used in a hybrid-ion battery to explore its electrochemical properties. The satisfying performances of 170 mA h g À1 with a discharge voltage plateau around 3.7 V were presented as a result of the predominantly Li ion transport in cycling. Reasonably, a NaLi 2 V 2 (PO 4 ) 3 phase should be responsible for this properties while the utilization of the three Na(2) sites for NVP could be associated with the applied voltage windows. Based on the ion-transport mechanism as suggested, two Na(2) sites can allow the ions to exchange while the last one site with vacancy before could be used to accommodate alkali ions. Meanwhile, a hybrid-ion migration is supported to exist in the whole ion transport, and the adverse effects from Na ion on the ion diffusion rate and the specific capacity of the hybrid-ion system have been investigated.
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